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Epidermal cells contain 4 separate surface receptors 
which are linked to adenylate cyclase. Activation of any 
one of these receptors leads to the accumulation of cAMP 
within the cell which in turn leads to the activation of 
cAMP-dependent protein kinase. The levels of cAMP 
accumulation within the cell caused by the 4 activators 
are not the same . Epinephrine, histamine, adenosine, 
and prostaglandins of the "E" series cause easily meas-
urable concentrations of cAMP within 5 min of expo-
sure. Prostaglandin F 2 " causes only a small nonsignifi-
cant increase. Similarly, 2 phosphodiesterase inhibitors, 
which inhibit the breakdown of cAMP formed within 
the cell, differ in their ability to accumulate cAMP when 
cells are exposed to these agents alone. Isobutylme-
thylxanthine causes a measurable increase in cAMP, 
while theophylline, a weak inhibitor of phosphodiester-
ase, gives a nonsignificant increase in cAMP. 
Recently, experiments have shown that agents that 
give only slight increases in cAMP by biochemical meas-
urements, that is, prostaglandins Fz,. and theophylline, 
are equally able to activate protein kinase within the 
cell. Since activation of protein kinase is the only mech-
anism for an increase in cAMP to have a physiologic 
effect, all of these agents that do activate protein kinase 
should cause physiologic effects. 
Using an explant culture system, we show in this paper 
that this supposition is correct and that all agents that 
activate protein kinase do result in inhibition of mitotic 
activity regardless of whether or not they are able to 
raise cAMP to a level that can be biochemically meas-
ured as being significantly different from the baseline 
value. 
There are 4 known receptors for t he activation of adenylate 
cyclase in epidermal cell membranes. These receptors are: 
catacholamine receptor (beta ) [ 1- 7], histamine receptor (H2) 
[8], adenosine receptor (AMP, ADP, ATP) (9], and prostaglan -
din receptor (E2 but not F2, ) (10). All of these agents, when 
added to floating skin s lices, elevate the cAMP contents wi thin 
the tissues within 5 min . After stimulation t he cAMP contents 
return to normal within a 30-min period. Breakdown of cAMP 
which has been formed in response to these activators is via 
t he enzyme phosphodiesterase. In the presence of phosphodi -
esterase inhibitors, the in tracellular cAMP con tent can be kept 
elevated for a longer period of t ime. In float ing skin slices t he 
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can be shown to elevate cAMP (11] whereas t he phosphodies-
terase inhibitor t heophylline does not cause any measurable 
increase in cAMP [7 ,12,13). 
Recent ly Yoshikawa et al (14], using fl oating pig skin slices, 
reported on the activation of protein kinase by these agents. 
Since adenylate cyclase activat ion and consequent elevation of 
int racellular cAMP act only t hrough protein kinase activation 
to produce physiologic effects, it was important to show t hat 
protein kinase was indeed activated when the int racellular 
cAMP was elevated. In t he above work t he authors reported 
t hat protein kinase activation occurred very rapidly; t hat is, 
within 60 s after t he addit ion of epinephrine and wit hin 2-3 
min after t he addi t ion of histamine or prostaglandin E 2 (PGE2) . 
The surprising findin g in t he above report was t hat prosta-
glandin F2" (PGFz.,), which did not raise int racellular cAMP 
sufficient ly to be measured by radioimmunoassay [10], caused 
activation of protein kinase to t he same extent as did PGE2• In 
addi t ion, t heophylline, which by itself does not cause a meas-
urable cAM P increase (7,1 2,13], fully activated protein kinase 
to t he same exten t as did IBMX . It appeared from that study 
t hat a local small increase of cAMP, caused eit her by activation 
of adenylate cyclase by PGF2" or by inhibit ion of t he breakdown 
of adenylate cyclase by t heophylline, which was not measurable 
biochemically, was sufficient to activate protein kinase and 
presumably to cause physiologic consequences t hrough phos-
phorylation of int race llular cont rol proteins. 
One of t he consequences of cAMP accumulation in explant 
cultures is inhibit ion of epidermal mitotic activity [ 15- 23]. T his 
effect is usually due to a G2 inhibition of mitotic activity . 
Epinephrine is a classic adenylate cyclase activator which gives 
a high rise in int racellular cAMP content and activates protein 
kinase. We studied t he action of epinephrine in exp lant cul tures 
and t he result ing physiologic changes. We t hen examined PG E2 
and P GF2., as well as IBMX and t heophylline in an explant 
cul ture system. These compounds activate protein kinase, but 
only one of each pair when used alone (PGE2 and IBMX) 
causes a measurable increase in cAMP. We now report t hat all 
of t hese agents t hat were found to activate protein kinase do 
inhibit mitotic activity in explant cul tures. This lends furt her 
support to t he assumpt ion t hat protein kinase activation and 
full phys iologic effects can occur at levels of cAMP which are 
not measurable using t he usual radioimmunoassay techniques . 
MATERIALS AN D METHODS 
M aterials 
Fetal calf serum (FCS) and RPM! 1640 media were obtained from 
GIBCO (Grand Island, New York); epinephrine from Elk ins-Sinn, Inc. 
(Cherry Hill , New Jersey); TBMX from Aldrich Chemical Company 
(Milwaukee, Wisconsin }; and li thium from Fisher Scienti fics (Pitts-
burg, Pennsylvania). All other chemicals were obtained from Sigma 
(St. Louis, Missouri) including the prostaglandins and were of the 
highest grade available. 
Methods 
Explant cultures were obtained from the backs of small domestic 
pigs weighing approximately 10 kg. The skin was cut with a Castoviejo 
553 
554 HALPRIN ET AL 
FIG 1. Norma l Cul ture. Cu lture after 4 days in 10% normal FCS 
plus antibiotics (penicillin 200 U/ml, streptomycin 200 !Lg/ml, ampho-
tercin B 0.5 !Lg/~1, and mycostatin 100 U/ml ). 
1111-
10-
:I: 
~ 110-
0 
a: 
CJ 
........ Control 
o- Epinephrine 5x10-5M 
-10 
.. -
... 
9 
8 
7 
~ 700-
0 
... 
... 
... 
en 
~ 600-
a: 
u 
~ 500-
......... 
............ 
... 
............ 
....... 
... 
... 
...... 
........ 
... 
... 
... 
............ 
·-0~. 0-
3H-
? 
I 
0 
• P< .001 ~ 
24 
HOURS AFTER TRANSFER 
X 
@- 5~ 
z 
4u 
i= 
0 3!:: 
~ 
1 
._~ I 
~- 0 
48 
FIG 2. Epinephrine exposure for 24 or 48 h. After 4 days of culture 
in 10% normal FCS, the average outgrowth was 453 !Lm from the 
origi nal explant. Ten cu ltures each were then transferred to 5% dialyzed 
FCS (with added nucleosides) ±epinephrine at 5 X 10- 5 M. Outgrowth 
and mitotic index were determined at 24 and 48 h afte r transfer. Both 
outgrowth means a nd mitotic index means were sign ificantly different. 
keratome at a depth of 0.2 to 0.3 mm. Strips were fl oated on RPMI 
1640 media and 200 2 X 2 mm squares were cut for each experiment. 
Explants were attached to glass coverslips and allowed to dry on the 
coverslips, dermal side down, for 15 min at room temperature. Two 
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cubic cent imeters of RPMI 1640 media with 10% FCS were then added 
to each culture and the cultures were placed in an incubato r at 37"C 
with an atmosphere of 95% air/5% carbon dioxide. The cultures were 
allowed to grow for 4 days. During this time the original epiderma l 
sheet grew down t he sides of the dermis, attached to t he underlying 
coverslip, and spread out to cover a n area of approximately 500 !Lm 
from the origina l explant (Fig 1). At the end of 96 h, these cul tures 
have a mitotic index of approximately 5; that is, 5 cells in mitosis per 
1000 spread ing cells of cul tu re. 
At 96 h, groups of 10 cu ltures for each experimenta l condi t ion were 
chosen and the media was changed to contain the following: RPMI 
1640 media; 5% dia lyzed FCS with 1 !Lg each of the nucleosides 
adenosine, t hymidine, cytosine, and guanosine; and various concent ra-
tions of the agents under investigation. Colchic ine at a concentration 
of 0.075 !Lg/ml was used in some experiments to accumula te more 
mitotic figures. At the end of the experimental period, outgrowths were 
measured using a phase contrast microscope with a calibrated ocular 
lens and t he cultures were removed, fix ed and stained, and mitotic 
figures counted. Methods were essentially the same as described in 
[24,25]. Standard t-tests were used to test for statistical sign ificance. 
RESULTS 
Epinephrine 
When cultures were exposed to epinephrine at 5 x 10- 5 M 
for 24 or 48 h, t here was a dramatic decrease in outgrowth size 
and mitotic activity (Fig 2); the mitotic activity at both of these 
t imes was 0. The decrease in explant size was due to a folding 
back of the free edge of the explant. ~he explant seemed to 
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FIG 3. Reversal of epinephrine- induced inhibition. After 4 days of 
culture in 10% normal FCS the average outgrowth was 535 !Lm from 
the original explant. Ten cultures each were then transferred to 5% 
dialyzed FCS (with added nucleosides) + epinephrine 5 x 10-" M. After 
24 h, during which t he ep inephrine-treated cultures pulled back at the 
rate of 7.3 !Lm/ h, the cultures were washed free of epinephrine and 
a llowed to grow for 48 h . Twenty-four hours after washout the epi-
nephrine-treated cultures were growing at a rate of 2.4 !Lm/ h compared 
to control growth of 5.7 !Lm/ h. At 48 h epinephrine-treated and cont rol 
cultures had both cont inued to grow. The difference in means was not 
significant. Forty-eight hours after washout the mitotic index of t he 
epinephrine-treated cultures (6.9) was higher than control (1.6). This 
was a significant difference. Presumably t he epinephrine treatment 
synchronized the cells and gave a burst of mitosis afte r washout. 
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FI G 4. Four- hour exposure to epinephrine 5 X 10- 5 M . After 4 days 
of cul ture in 10% normal FCS, 10 cultures each were transferred to 5% 
dialyzed FCS (with added nucleosides) ±epinephrine 5 X 10-5 M for 4 
h. Exposure to epinephrine for 4 h had no effect on outgrowth. The 
mi totic index, howeve r, was significantly depressed. 
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FIG 5. Duration of epinep hrine exposure necessary to produce in-
hibi t ion. After 4 days of culture in 10% normal FCS, 10 cu ltures for 
each condi t ion were transferred to 5% dialyzed FCS (with added 
nucleosides). Epinephrine 5 X 10- 5 M was t hen added to a ll cultures 
except cont rol. Cul tures were t hen washed free of t he epinephrine at 
the times indicated and allowed to grow for a total of 6 h. Colchicine 
0.075 ,_,gjml was added during the fina l 2 h and mitotic indices deter-
mined. A 30-min exposure was sufficient to give inhibi t ion 5'12 h later. 
T his effect was gone by 8 h (data not shown) . 
INHIBITION OF EXPLANT CULTURE GROWTH 555 
lose its attachment to t he underlying glass and existed as a free 
nm . 
Desp ite this dramatic inhibit ion of explant outgrowth and 
mitotic activity, when the epinephrine was washed out after 24 
h of exposure, t he explant cul ture recovered completely by 48 
h afte r washout (Fig 3). New growt h originated from that 
portion of the explant that was still attached to the coverslip 
and both outgrowth size and mitotic activity were fully revers-
ible. The fact t hat t he effects were reversible after washout 
shows t hat the cells were not dead and that the epinephrine 
was not toxic to t he culture. 
A continuous 4-h exposure of t he cultures to ep inephrine 
caused inhibition of mitot ic index but not of outgrowth (Fig 4). 
Mitotic inhibi t ion was also seen for up to 6 h after exposures 
exceeding 30 min but not after exposure for 5 min to epineph-
rine at this same concentration of 5 X 10-r, M (Fig 5). This 
effect was reversed by 8 h after washout of the epinephrine 
(data not shown). T hat this was a beta-adrenergic effect was 
shown by the inhibition of t he epinephrine effect by d-propran-
olol but not !-p ropranolol. Propranolol itself was also inhibitory 
at concentrations above 1 X 10-• M (data not shown ). 
Lithium, which has been shown to inhibit cAMP responses 
to epinephrine [26], did not inhibit the effect of epinephrine 
on outgrowth or mitotic activity (Fig 6) . Lithium itself at a 
concent ration of 1 X 10-a M was somewhat inhibito ry to out-
growth and mitotic activity. 
Prostaglandins 
PGF1 .. had no effect on either outgrowth or mitoses at a 
concentration of 5 x 10- 5 M during a 24-h exposure, while PGE2 
-10 
1200- -control 
•-Lithium 5x10-3 M 
•-Epinephrine 5x10-11M ® -9 
1100- o• ... Eginephrine 5x1Q-11M ~ Lithium 5x1Q-3 M 
o .... Epinephrine 5x10-6M 
-8 
1000- & Lithium 5x10-
3M 
.t.u ... Epinephrine 5x1Q-6M 
:::r: @ 
-7 ~ 900-
0 
-6 X a: w 
(!) 800- 0 ._ z 
::> -~ 0 700- u 
CJ) •• -4._ 2 600- 0 0 ._ 
a: • 
-3 ~ u 
~ ~00- ~,,,, 
?'"··~ 
-2 ····::··· ···!::~··· 400- .... ;: .... 
····!::···· ... ·~~. ·~~.~::••,c• - 1 
300- • P<.001 ···11· 
~0 
0 24 48 72 
HOURS AFTER TRANSFER 
FIG 6. Lithium does not inhibit the effect of epinephrine. After 4 
days of culture in 10% normal FCS, 10 cul tures for each condition were 
t ransferred to 5% dia lyzed FCS (with added nucleosides) ±the various 
concent rations of lit hium and epinephrine shown above for 72 h. 
Outgrowth and mi totic indices a re shown. 
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did cause inhibit ion of mitoses but not of outgrowt h at this 
concent ration. H owever, P GF2,. at 5 X 10- 4 M had a similar 
effect to t he PGE2 at 5 x 10-r. M (Fig 7). F ig 8 demonstrates 
t hat mitotic inhibit ion can be seen within 4 h if t he concent ra-
tion of t hese agents is high enough. 
Theophylline and !BMX 
During a 4-h exposure, t heophylline requi res a high dose (1 
X 10-a M) to inhibit mitotic activity while IBMX acts at a much 
lower concentration (5 x 10-" M) as shown in Fig 9, but both 
do inhibi t mitotic activity. It takes approximately 72 h after 
washout of each of t hese agents fo r t he effects to be reversed 
(data not shown) . 
Histamine and Adenosine 
H istamine (5 X 10- 4 M) and adenosine (1 X 10-a M) which 
activate adenylate cyclase and give measurable increases in 
cAMP also caused significant mitotic inhibit ion after 4-h ex-
posure (data now shown) . 
DISCUSSION 
Voorhees, Duell, and Kelsey [16] reported theophylline to be 
a potent inhibitor of epidermal mitotic activity in floating skin 
slices; Harper, F lax man, and Chopra [17] and Chopra [21] 
repo rted similar findings in explant cul tures. However, neit her 
Voorhees et al [12] nor we [7] were able to show an increase in 
cAMP in fl oating skin slices exposed to t heophylline. 
T he above resul ts show that t he amount of cAMP elevation 
t hat is necessary to activate protei n kinase and bring about full 
physiologic effects may be so sma ll t hat it is unmeasurable 
using standard radioimmunoassay biochemical techniques. The 
data of PGF2 .. are consistent wit h t hi s view. We again were not 
able to measure an increase in in t racellular cAMP conten t a fter 
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FIG 7. Inhibition of mitoses after 24- h exposure to prostaglandins. 
After 4 days of cultu re in 10% normal FCS (wi th added nucleosides) ± 
PGE2 or PGF2 .. at 5 X 10-5 M and 5 X w -·l M fo r 24 h. Significa nt 
inh ibition of mi toses was seen by both PGE2 and PGF2,. at 5 x 10- 4 M 
but at 5 X w-• M only PGE2 inhibi ted mi toses. 
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FIG 8. Inhibition of mi toses from short exposure to prostaglandins. 
After 4 days of cul ture in 10% normal FCS, 10 cul tures for each 
condi t ion were transferred to 5% dialyzed FCS (with added nucleosides) 
and then exposed to the indicated concentrations of prostaglandins fo r 
4 h. Colchicine was added fo r the entire 4-h period. 
exposure to t his age nt [1 0) and yet it did activate protein kinase 
[14] and does act to inhibit epide rmal mitotic activity. In t he 
future it will be important to know exactly what levels of 
in t race llular cAMP a re needed for act ivation and whether 
supraphysiologic responses are any different from sma ll ones. 
Al t hough a ll of t hese agents activate protein kinase and 
inhibit mitotic act ivi ty, t heir actions on epidermis in cul ture 
are not ident ica l. The concent ration curves for epinephrine, 
histamine, and adenosine for inhibit ion of mitotic activity 
during a 4-h exposure (G ~ period) were essent ially t he same as 
those for t he 24-h exposure inhibi t ion curves, thereby implying 
t hat G~ inhibit ion accou nted for all of t he inhibi tory activity. 
However, prostaglandins required 10- fold higher concent ra-
t ions to inhibit during 4 h (Fig 8) t han were needed over a 24-
h period (Fig 7). T hi s implies a second mode of action fo r 
prostaglandins in addi t ion to t he G~ effect. 
T hat outgrowt h and mi tosis are two independent processes 
has been shown previously [25). In t he presen t series of exper-
iments, agents t hat elevate cAMP seemed to inhibit mitot ic 
activity at concent rations which were less t han those needed 
to inhibit outgrowth s ize. Only epinephir ine causes t he leading 
margin of t he epidermal culture to lift off t he plates. How these 
di fferent effects are obtained by different chemicals, all of 
which are presumably acting on t he same system, is still un -
known. 
While having different effects on t he same cell system, all of 
t hese agents are inhibitory in explant cult ures. It should be 
noted that this is not t he case with t he s ingle cell systems such 
as t hose reported by Greene [27) and Marcelo [28) where 
stimulatory effects of cAMP were seen, as well as species 
difference as reported by Wilkinson [29]. 
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FI G 9. Theophylline and IBMX inhibit mi toses. After 4 days of 
cul ture in 10% normal FCS, 10 cultures for each condi t ion were 
t ra nsferred to 5% dia lyzed FCS (wit h added nucleosides) a nd t he 
various concent rations shown of t heophyll ine and IBMX for 4 h. 
S ignificant inhibi t ion was seen at concentrations of 1 X w-" M and 
higher of theophylline, a nd at concentrations of 5 X 10-5 M and higher 
of IBMX. 
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